We propose a new parametrization of the Yukawa matrix in the scotogenic model. The new parametrization is highly compatible with the particle data group parametrization of the neutrino sector. Some analytical expressions for the neutrino masses and the relic abundance of dark matter with the new parametrization are shown. The numerical calculations about the dark matter, the branching ratio of the µ → eγ process and the effective Majorana neutrino mass of the neutrinoless double beta decay are performed.
I. INTRODUCTION
The scotogenic model can simultaneously account for dark matter candidates and the origin of tiny masses of neutrinos [1] . In this model, neutrino masses are generated by one-loop interactions mediated by a dark matter candidate. One-loop interactions related to dark matter and neutrino mass have been extensively studied in the literature .
In order to obtain any phenomenological prediction in the scotogenic model, the elements of the Yukawa matrix
should be determined. This matrix is closely connected with the neutrino sector. There are several ways for parametrization of the Yukawa matrix. For example, Suematsu, et.al. proposed the following parametrization of the Yukawa matrix [8] 
with the assumption of the tribimaximal mixing in the neutrino sector [52] [53] [54] 
The exact tribimaximal pattern is approximately consistent with the observed solar and atmospheric neutrino mixings, however, it predicts a vanishing reactor neutrino mixing angle. The observed reactor neutrino mixing angle is small but moderately large. Although the exact tribimaximal pattern cannot be the correct description of the neutrino sector, the way to determine the Yukawa matrix elements for the exact tribimaximal pattern [8] is still useful. For example, using * Electronic address: teruyuki@tokai-u.jp the method in Ref. [8] , Singirala proposed the following parametrization [43] 
for an modified tribimaximal mixing [55] (see also [56] )
with θ = 35
• , ϕ = 12
• and ζ = 0 (the corresponding three neutrino mixing angles θ 12 , θ 23 , θ 13 , CP-violating Dirac phase δ and two Majorana phases α 2 , α 3 in the particle data group (PDG) parametrization [57] are θ 12 = 35.60
• , θ 23 = 38.05
• , θ 13 = 9.80
• and δ = α 2 = α 3 = 0). In this paper, we propose a new parametrization of the Yukawa matrix in the scotogenic model. We employ the similar strategy in [8] as well as [43] to determine the elements of the Yukawa matrix; however, we do not take any assumption in the mixing of the neutrino sector such as U = U TB or U = U MTB . The PDG parametrization of the neutrino mixing matrix
is employed in the new parametrization of the Yukawa matrix. The Yukawa matrix with PDG parametrization have been already proposed in terms of Y τ 1 , Y τ 2 and Y τ 3 by Ho and Tandean [27] as
with P = diag.(e iα2/2 , e iα3/2 , 1). In this paper, a new PDG compatible Yukawa matrix parametrization will be proposed in terms of Y e1 , Y e2 and Y e3 as
with P = diag.(1, e iα2/2 , e iα3/2 ). It must be emphasized that the parametrization of the Yukawa matrix by Ho and Tandean [27] is valuable parametrization. Moreover, the commonly used Casas-Ibarra parametrization [40, 58] is powerful to determine the numerical magnitude of the Yukawa matrix elements [26, 29] . Of course, the numerical determination of the Yukawa matrix with some assumptions such as U = U MTB is worth way. The aim of this paper is not denial of these excellent parametrizations of the Yukawa matrix but proposing a new parametrization to previously proposed parametrizations. If we consider the phenomenology of the scotogenic model in terms of Y e1 , Y e2 and Y e3 with the PDG parametrization with P = diag.(1, e iα2/2 , e iα3/2 ), the parametrization of the Yukawa matrix proposed in this paper may be useful. This paper is organized as follows. In Sec.II, a brief review of the scotogenic model is provided. In Sec.III, we propose a new parametrization of the Yukawa matrix and show some analytical expressions for the neutrino masses and the relic abundance of dark matter in the scotogenic model with the new parametrization. Sec.III is the main section in this paper. In Sec.IV, some numerical examples of the phenomenological applications of the new parametrization will be shown (the dark matter relic abundance, the branching ratio of the µ → eγ process and the magnitude of the effective Majorana neutrino mass of the neutrinoless double beta decay will be estimated). Finally, Sec.V is devoted to summary.
II. SCOTOGENIC MODEL
We show a brief review of the scotogenic model [1] . The scotogenic model has three extra Majorana SU (2) L singlets N k (k = 1, 2, 3) and one new scalar SU (2) L doublet η = (η + , η 0 ). N k and η are odd under Z 2 symmetry while other fields are even under Z 2 symmetry. The Lagrangian of the scotogenic model contains new terms for the new fields,
and the scalar potential of the model contains the quartic scalar interaction
where L α = (ν α , ℓ α ) is the left-handed lepton doublet and Φ = (φ + , φ 0 ) is the Higgs doublet in the standard model. The elements of the flavor neutrino mass matrix
where the symbol "−" denotes a symmetric partner, are obtained as
where
and v, m R , and m I denote the vacuum expectation value of the Higgs field, and the masses of
, respectively. The scotogenic model predicts the existence of particle dark matter. The lightest Z 2 odd particle is stable in the particle spectrum. This lightest Z 2 odd particle becomes a dark matter candidate. We assume that the lightest Majorana singlet fermion, N 1 , becomes the dark matter and N 1 is considered to be almost degenerate with the next to lightest Majorana singlet fermion
In this case, the (co)annihilation cross section times the relative velocity of annihilation particles v rel is given by [3, 5, 8, 11, 59] 
with
and σ ij (i, j = 1, 2) is annihilation cross section for N i N j →f f . The effective cross section σ eff is obtained as
where ∆M = (M 2 − M 1 )/M 1 depicts the mass splitting ratio of the degenerate singlet fermions, x = M 1 /T denotes the ratio of the mass of lightest singlet fermion to the temperature T and g 1 and g 2 are the number of degrees of freedom of N 1 and N 2 , respectively, and
Since N 1 is considered almost degenerate with N 2 , we have ∆M ≃ 0 and obtain
The thermally averaged cross section can be written as σ eff |v rel | = a eff + 6b eff /x and the relic abundance of cold dark matter is estimated to be
where m pl = 1.22 × 10 19 GeV, g * = 106.75 and
In the scotogenic model, flavor-violating processes such as µ → eγ are induced at the one-loop level. The branching ratio of µ → eγ is given by [3] 
where α em denotes the fine-structure constant, G F denotes the Fermi coupling constant and F (x) is defined by 
where c ij = cos θ ij , s ij = sin θ ij (i, j=1,2,3). Because the relation
with Eqs. (11), (12) and (26) has to be satisfied, we obtain 
and
where m 1 , m 2 and m 3 denote the neutrino mass eigenvalues. The Eqs. (29), (30) and (32) yield the following Yukawa matrix
where 
to compere the coefficients of the Yukawa matrix elements with Singirala's numerical result, we obtain a 1 = −0.679, a 3 = 1.01, a 5 = 3.57, a 2 = 0.312, a 4 = −1.01, a 6 = 4.56,
and these values are consistent with Eq.(4). Some analytical expressions for the neutrino masses and the relic abundance of dark matter in the scotogenic model with the new parametrization of the Yukawa matrix are shown in the following two subsections.
B. Neutrino sector
The Eqs. (28), (31) and (33) yield the following neutrino mass eigenvalues
where . (39) Although the neutrino mass ordering (either the normal mass ordering or the inverted mass ordering) is not determined, a global analysis shows that the preference for the normal mass ordering is mostly due to neutrino oscillation measurements [60, 61] . We assume the normal mass ordering (NO) for the neutrinos. In this case, the squared mass differences of the neutrinos are given by 
and we obtain the relations
where σ 2,3 = ±1. We take σ 2 = σ 3 = 1 [43] . Since of the relation Λ k = f (λ, m 0 , M k ), the elements of the Yukawa matrix can be determined as
where θ ij , δ, α i , ∆m 2 ij are neutrino sector parameters, λ, m 0 , M k are dark sector parameter, and Y e1 bridges these two sectors.
The ee-element of the flavor neutrino mass matrix M ν can be written as
Similarly, we obtain
Thus, M αβ is independent of Λ 2 and Λ 3 as well as M 2 and M 3 :
C. Dark sector From Eq.(17), we obtaiñ
The coefficients of the Yukawa matrix elements a 1 , a 2 , · · · , a 6 depend on the Dirac CP phase δ and are independent of the Majorana CP phases α 2 , α 3 (see Eq. (35)). From Eqs. (38) and (39), Y e1 is independent of any CP phase and Y e2 depends on the one of the Majorana CP phases as Y e2 ∝ e −iα2/2 . Because |Y e2 | 2 is independent of the phase of Y e2 ,ã ij andb ij depend on the Dirac CP phase and are independent of the Majorana CP phases.
It turns out that the relic abundance of the lightest Majorana singlet fermion N 1 , it is dark matter particle in this paper, depends on the Dirac CP phases and is independent of the Majorana CP phases.
IV. NUMERICAL CALCULATIONS
Although we have reached our main goal of this paper to show a new parametrization of the Yukawa matrix in terms of Y e1 , Y e2 and Y e3 with standard PDG parametrization of the neutrino sector with P = diag.(1, e iα2/2 , e iα3/2 ), numerical calculations may be required to confirm result our discussions. We briefly show some examples of the phenomenological applications of the new parametrization.
The best-fit values of the mixing angles, Dirac CP phase and squared mass differences ∆m 2 ij for NO are reported as [62] θ 12 = 33.56
• , θ 23 = 41.6
• , θ 13 = 8.46 
For these best-fit values, the coefficients of the Yukawa matrix elements and the mass eigenvalues are estimated to be
In the case of δ = α 2 = α 3 = 0, the Yukawa matrix and the mass eigenstates are obtained as
With the definition r k = M k /m 0 , the benchmark parameter set λ = 1.2 × 10 −9 , r 1 = 0.9, r 3 = 1.5, m 0 = 3TeV, (59) and
yield
which are consistent with the observed energy density of the cold dark matter component in the ΛCDM cosmological model by the Plank Collaboration Ωh 2 = 0.1184 ± 0.0012 [63] and the measured upper limit of the branching ratio Br(µ → eγ) ≤ 4.2 × 10 −13 [64] . If we include non-vanishing CP-violating phases, phenomenological study will be more rich, e.g., the relic abundance of dark matter depends on the Dirac CP phase, moreover, the effective Majorana neutrino mass of the neutrinoless double beta decay depends on the Dirac and the Majorana CP phases.
The neutrinoless double beta decay is allowed if neutrinos are massive Majorana particles [65] . The half-life of the neutrinoless double beta decay is proportional to the effective Majorana neutrino mass
In the scotogenic model, we have
For example, the best-fit values of the neutrinos Eq. (52) and Eq.(53) with the benchmark parameter set in Eq. (59) and
yield Ωh 2 = 0.118, Br(µ → eγ) = 1.67 × 10 −13 , 
The estimated magnitude of the effective Majorana neutrino mass from experiments is m ββ [eV] ≃ 0.15 − 2.1 [65] . In future experiments, a desired sensitivity of m ββ 10 −2 eV will be reached and we may obtain some constraints on the parameters in the scotogenic model from the future neutrinoless double beta decay experiments.
V. SUMMARY
We have proposed a new parametrization of the Yukawa matrix in the scotogenic model in terms of Y e1 , Y e2 and Y e3 [Eq.(34) with Eq. (35)]. The new parametrization is highly compatible with the particle data group parametrization of the neutrino sector with P = diag.(1, e iα2/2 , e iα3/2 ). Some analytical expressions for the neutrino masses and the relic abundance of dark matter in the scotogenic model with the new parametrization of the Yukawa matrix have been obtained.
To confirm results of our discussions more concretely, we have briefly shown the numerical examples of the phenomenological applications of the new parametrization, e.g., the dark matter relic abundance, the branching ratio of the µ → eγ process and the magnitude of the effective Majorana neutrino mass of the neutrinoless double beta decay have been estimated. The elaborate discussions on these numerical study are beyond the scope of this paper. We would like to discuss these topics in the scotogenic model as a separate work in the near future.
